A series of experiments sought to clarify the relationship between odor naming and memory by manipulating odor label availability during a dual naming-memory task. Experiment 1 demonstrated that recognition memory and odor naming were both better when the naming task provided participants with odor label alternatives. Consistent and correct odor naming was associated with nearly perfect memory, whereas inconsistent or incorrect naming was associated with very weak memory if any at all. Experiment 2 showed that the availability of odor labels was effective at improving memory only if labels were available at both memory encoding and retrieval, suggesting that the labels were aiding memory by improving the identification of the odors. Odor naming was manipulated in Experiment 3 by varying the number of available labels from 4 to 16 during each odornaming trial. As found in the previous experiments, naming and memory were strongly related in each of the labeling conditions. Experiment 4 showed that corrective naming feedback produced better memory performance but only when the feedback led to correct odor naming. It was concluded that perceptual processes related to matching olfactory input to acquired, multidimensional representations of odors play a critical role in both odor naming and episodic memory.
Introduction
The relationship between odor naming (thought to reflect semantic memory) and odor recognition memory (thought to reflect episodic memory) has been the topic of considerable interest to investigators studying odor and flavor perception (Engen and Ross 1973; Lawless and Cain 1975; McDaniel 1986, 1990; Cain and Potts 1996; Jehl et al. 1997; Lehrner et al. 1999; Bhalla et al. 2000; Zucco 2003; Lumeng et al. 2005) . Understanding this relationship is important to our understanding of the fundamental processes underlying olfactory perception and cognition. In addition, it contributes to a fuller appreciation of the nature of flavor and fragrance expertise (Parr et al. 2004; Valentin et al. 2007 ) and may aid in the diagnosis and treatment of neurodegenerative disease because these disorders are characterized by early deficits of both semantic and episodic odor memory (Murphy et al. 1999; Ponsen et al. 2004; Wilson et al. 2007; Boesveldt et al. 2008; Djordjevic et al. 2008; Ross et al. 2008) .
Published studies have reached conflicting conclusions about the relationship between odor naming and memory. Although some studies report no association (e.g., Engen and Ross 1973; Lawless and Cain 1975; Parr et al. 2002 Parr et al. , 2004 Moller et al. 2004 ), significant and even strong correspondence between the ability to name and remember odors has been reported in many (Rabin and Cain 1984; Lyman and McDaniel 1986; Cain and Potts 1996; Lesschaeve and Issanchou 1996; Larsson and Backman 1997; Lehrner et al. 1999; Lumeng et al. 2005; Valentin et al. 2007; Yeshurun et al. 2008; Olsson et al. 2009 ). We sought to clarify the relationship by focusing on recognition memory under a variety of conditions known to affect odor naming. By examining the pattern of covariation between naming and memory, we hoped to gain insight into the relationship between semantic and episodic odor memory processes.
Experiment 1
One of the most dramatic ways to affect odor identification performance is to provide people with alternative labels for an odor they are trying to name. For familiar odors, identification performance usually reaches 50% or less when people are asked to generate their own odor labels but typically improves to 85% or better when alternative odor labels are provided (Cain and Krause 1979; Doty et al. 1984; Engen 1987) . Pilot studies in our laboratory using both odor and flavor stimuli demonstrated an improvement in both odor naming and recognition memory when alternative odor labels were available (Horning et al. 2006; Bailie et al. 2007) . Experiment 1 sought to replicate these results and provide a baseline for follow-up studies. It was predicted that both odor naming and recognition memory would improve when odor label alternatives were available.
Materials and methods

Participants
Fifty adults were recruited from University of Cincinnati undergraduate psychology courses. Age ranged from 18 to 38 years (mean = 19.1 years), and the sample was 86% female. All participants provided written informed consent and filled out a brief questionnaire providing basic demographic information. Participants reported being generally healthy and were excluded if they noted a history of severe asthma or a loss of the sense of smell. Participants were tested individually on the olfactory measures and received course credit for their participation. The study was reviewed and approved by the University of Cincinnati Institutional Review Board.
Test apparatus
A concurrent odor naming and recognition memory test similar to that described by Rabin and Cain (1984) and Lumeng et al. (2005) was employed. Odor stimuli were delivered by a computer-controlled, air-dilution olfactometer designed by Osmic Enterprises, Inc. (Hastings and Wilson 2004) . The olfactometer ensured consistent stimulus delivery and timing under computer control. Airflow (30 cm 3 /min) was filtered through a charcoal tube and directed to the sampling port for background flow or through the odor reservoirs for stimulus presentation. The participant was instructed to position his or her nose approximately 3.0 cm away from the sampling port. Once prompted by the computer, participants sniffed the odorized air ad libitum from the sampling port for up to 5 s. A mouse click by the participant initiated odor presentation through the olfactometer, and then the computer program prompted participant responses.
Stimuli
During test development, odor-naming data were collected from young adults using a wide range of odorants with the aim of creating a test composed of easily nameable odors (Bailie et al. 2007; Mannea et al. 2008) . Eighteen odor stimuli were selected for the current study based on this process (see Supplementary appendix for a list). The odorants were chosen to be highly familiar and likely to be named in a relatively uniform way by most study participants. The odors were divided into 2 sets-one presented during both Phase 1 (encoding) and Phase 2 (retrieval) of the test (these are referred to as ''old'' odors) and one set presented only during Phase 2 (referred to as ''new'' odors). Efforts were made in preliminary testing to balance the old and new odorant sets based on naming ability, pleasantness, as well as the diversity of odor quality categories (i.e., fruits, spices, and nonfoods) in each set. The same set of odors served as old or new stimuli for all participants, and the same stimulus order was used for all testing.
Preliminary work also focused on the selection of normative labels for the odorant stimuli as well as alternative labels that would serve as foils in the forced-choice odor-naming task. Response alternative labels were selected for each of the odorants by choosing labels from 4 conceptual categories: fruits (e.g., ''apple'' and ''banana''), spices (e.g., ''cinnamon'' and ''clove''), foods (e.g., ''peanut butter'' and ''popcorn''), and nonfoods (e.g., ''tar'' and ''leather'') . A response alternative from each of these categories, including the normative odor label (i.e., the label most often assigned to the odor) was combined on each trial with each odor stimulus. This approach is employed in 2 common odor-naming tests, the University of Pennsylvania Smell Identification Tes and Sniffin' Sticks (Doty et al. 1984; Hummel et al. 2001) . Normative labels scored as correct for 1 odor were occasionally included among the response alternatives for another odor so that a particular label could be a correct or incorrect response depending on the trial. In addition, the sets of 4 response alternatives used in Phase 1 of the test were altered in Phase 2. The listing order of the response alternatives associated with the odors in Phases 1 and 2 was changed as well as the combination of labels used for each odor. All this was done so that the set of response alternatives could not provide information about whether an odor had been presented in Phase 1.
Procedure
Participants self-administered the test using a computer software program that presented instructions and prompted participants to sniff and respond. Before data collection began, each participant was given an opportunity to become familiar with the testing program. Participants were told they would be naming and remembering odors during the test. They were told to guess when they were not sure about an odor's name. After familiarizing themselves with the instructions, participants engaged in a practice trial to insure that they understood the procedures and the operation of the testing system. Odor naming always preceded the old/new judgments in Phase 2 of the task.
Participants completed 2 test phases after they were randomly assigned to 1 of 2 experimental groups. In Phase 1, both groups named 9 odor stimuli. One group was provided with 4 odor name alternatives for each odor during naming (as described in the Stimuli section), whereas the other group selfgenerated names without the aid of these alternatives. No feedback on naming performance was provided to participants. Phase 1 was followed by a 10-min retention interval. In Phase 2, participants were presented with 18 odor stimuli one at a time: the 9 from Phase 1 plus 9 new odors. They first named each odor as in Phase 1, one group again given odor label alternatives and one group self-generating labels. Each odor was also categorized as old or new. The order of stimulus presentation was randomized for the old and new odors.
Results
Odor-naming performance was evaluated during the first and second phases of the experiment. The response to each of the stimuli was analyzed for correctness based on the normative odor label (e.g., ''garlic'' for garlic oil) and was categorized using a ''stringent'' criterion, whereby participant responses were categorized as correct only for providing the exact normative response. Mean proportion of correct odor-naming responses is shown in Figure 1 . To assess whether performing the naming task in Phase 1 had an effect on overall odor naming during Phase 2, performance in each phase was compared with and without label alternatives in a 2 (phase) · 2 (labeling condition) design using a repeated measures analysis of variance (ANOVA). As expected, providing alternative odor labels had a significant effect on naming accuracy (F 1,48 = 355, P < 0.001), but no effect of phase or phase by labeling condition interaction was observed. Thus, naming the odors during Phase 1 did not improve naming performance in Phase 2.
Providing odor labels enhanced recognition memory performance as shown in Figure 2 . Providing labels was associated with a significant increase in overall proportion of correct memory responses (t 48 = 9.6, P < 0.005). Labelassociated memory enhancement was also observed for the proportion of hits (t 48 = 6.9, P < 0.01) and correct rejections (t 48 = 4.9, P < 0.01).
The relationship between odor naming and memory was evaluated using 2 measures of labeling performance. Correct labeling was defined as selection of the normative odor label, whereas consistent labeling was defined as selection of the same name irrespective of whether it was the correct or incorrect normative label. These measures have been used in previous investigations of odor identification and memory (Rabin and Cain 1984; Lehrner et al. 1999; Lumeng et al. 2005) . Following the approach of Rabin and Cain (1984) , the data were analyzed on a trial-by-trial basis (rather than an individual participant basis). Separate analyses were performed for the set of old and new odors because only the old odors could be assessed for consistency. The relationship between naming and memory performance for the old odors is shown in Table 1 .
The pattern of results shown in Table 1 is very clear. For both labeling conditions, memory responses were almost always correct when the odor was named accurately twice. Memory was very poor if the odor was incorrectly named in Phase 1 and then correctly named in Phase 2, or vice versa. Consistent naming was almost always associated with No Labels Labels Figure 2 The effect of label alternatives on recognition memory. Odor Recognition Memory and Odor Naming 31 correct memory responses, whereas there was no evidence for remembering when naming was inconsistent. The finding that seems out of place is the memory performance associated with naming an odor incorrectly twice. Across labeling conditions, the memory performance on these trials was about 70% correct. Insight into this finding was gained by noting that memory performance was correct on 58 of 61 trials (95%) when incorrect naming was consistent (i.e., the same incorrect label was used twice). This compares to 43 of 82 memory correct trials (52%) when memory was incorrect twice and also inconsistent (i.e., participants used 2 different incorrect labels during the test). This same pattern was reported by Cain and Potts (1996) in their study of odor naming and memory. Clearly, consistent responding is more important than correct responding as a predictor of memory performance. This impression was verified by logistic regression analysis employing generalized linear modeling and the generalized estimating equations (GEE) program of SPSS 16. This approach allowed the data from individual memory trials to be predicted in a mixed model where odor stimulus was a repeated measure and labeling condition, naming consistency, and naming accuracy were used as other predictors. For old odors, the model incorporating odor stimulus and consistency provided the best fit based on the corrected quasilikelihood under independence model criterion (QICC) goodness of fit measure (labeling condition was not significant). The Wald chi-square value for odor stimulus was v 2 (8) = 36 (P < 0.001), and for consistency, it was v 2 (1) = 113 (P < 0.001). This analysis confirms that naming consistency was a very powerful predictor of memory responses for the old odors. The significant odor stimulus effect simply reflects the fact that some odors were more easily remembered than others.
The naming-memory relationships for the new odors are shown at the bottom of Table 1 . As observed with the old odors, accurate naming was associated with strong memory performance. However, in contrast to the old odor findings, memory responses for the new odors were correct on 76% of the trials despite incorrect naming. The weaker relationship between correct naming and memory performance was reflected in a logistic regression analysis for the new odors. The best-fitting logistic regression model included odor stimulus, labeling condition, and naming accuracy. The Wald chi-square value was v 2 (8) = 32 (P < 0.001) for odor stimulus and v 2 (1) = 13 (P < 0.001) for labeling condition, but the effect for naming accuracy was only marginally significant (v 2 (1) = 3, P < 0.10). Despite the marginal significance of naming accuracy, the regression model fit was substantially better when naming accuracy was included as a variable indicating that naming accuracy did provide predictive power.
Discussion
The results of Experiment 1 replicate those observed previously (Horning et al. 2006; Bailie et al. 2007 ). Providing odor label alternatives during a dual odor-naming/recognition memory task improved both naming accuracy and recognition memory. In addition, consistent with past findings (Rabin and Cain 1984; Cain and Potts 1996; Lehrner et al. 1999; Lumeng et al. 2005) , naming consistency was an excellent predictor of memory performance.
It is noteworthy that the percent memory correct trials for the no-labels condition (74%) was very similar to performance on the recognition memory task in past studies when participants did not explicitly name the odors (73% and 78% in 2 studies using the same odor set) Brearton and Frank 2010) . This finding indicates that the act of explicitly assigning a verbal label to an odor does not necessarily improve recognition memory performance, a conclusion also reached by Lawless and Cain (1975) . By contrast, if the experimenter provides a single veridical odor name for each odor at encoding, recognition memory improves (Lyman and McDaniel 1990) . Providing the veridical name is roughly equivalent to reducing the labels from 4 possible names (as done in the current study) to the one correct name. In contrast to the finding reported here and to those of Lawless and Cain (1975) , Lyman and McDaniel (1986) reported improved recognition memory when odor names and definitions were self-generated by participants at encoding (irrespective of their ''correctness''). It is noteworthy that this effect of self-generated labels was modest and expressed as a decrease in false alarms, not an enhancement of hit rate. Taken together, the available evidence provides little support for the idea that the mere act of ''attempting'' to name odors improves episodic odor encoding.
Several explanations for the different pattern of results for the old and new odors can be considered. It is possible that episodic memory or decision processes related to a past event (e.g., presentation of an old odor) may differ from those involved in remembering that an event did not occur (e.g., recognizing an odor as new). Another possibility is that the apparent evidence for memory on the incorrect naming trials results from a response bias. Specifically, this bias would be a tendency to respond new when the participant has difficulty identifying an odor. Some evidence for this bias was observed. The response new was made on 69% of the trials when naming was inconsistent or incorrect. When naming responses were consistent (for old odors) or correct (for new odors), the response new was made on 45% of the trials-much closer to the value of 50% that represents unbiased responding. A bias to respond new to unidentified odors would lead to correct memory responses for new stimuli and provide apparent evidence for recognition memory. Jonsson and Olsson (2003) and Jonsson et al. (2005) reported that people usually can provide very little information about odors they cannot name. When the identity of an odor is unclear, the response ''I did not smell this odor before'' (i.e., responding new) seems more appropriate than replying old for an unrecognized odor because participants may be reluctant to report they experienced the odor previously but cannot say ''what it is.'' This strategy would result in a bias to respond new to the poorly identified odor. This possibility of a new response bias clouds the interpretation of correct memory responses for trials on which naming was inconsistent or incorrect. Unfortunately, unlike old odors, the new odors cannot be analyzed for consistent responding in the current study because only one naming opportunity was provided. Thus, the new odors cannot be corrected for consistent responses when participants use nonnormative odor labels. This could contribute to an apparently greater proportion of memory correct responses associated with incorrect odor naming.
Experiment 2
Three explanations for the effects of the labels on episodic memory in Experiment 1 can be considered. The labels may operate during memory encoding by providing a verbal component to the episode, thereby making it easier to retrieve at a later time. If enhanced encoding accounts for the effects of labels, memory improvement should be obtained if the labels are available only during Phase 1 (encoding) of the testing procedure.
A second possibility is that the labels improved retrieval of episodic memories by supporting a more effective strategy for searching memory during Phase 2 (retrieval). Providing alternative odor labels at the time of memory retrieval may allow the subject to focus on memories restricted to the odor set specified by the labels, thereby improving the probability of retrieving the memory. If the labels act to enhance retrieval processes, providing labels only during Phase 2 should produce improved recognition memory.
A third possibility is that label alternatives enhance odor memory not by improving encoding or retrieval but rather by supporting odor identification. The labels may aid in matching an odor being experienced to a stored olfactory representation, something akin to the concept of the ''odor object'' proposed by Stevenson and Wilson (2007) . Once an odor object is identified and/or categorized, it is much more readily remembered. This hypothesis would explain 2 important observations from Experiment 1: the strong association between odor naming and recognition memory and the fact that naming an old odor correctly only once (either at encoding only or at retrieval only) was not associated with improved memory performance. If this perspective is correct, the memory-enhancing effects of odor label alternatives may disappear if they are provided only during encoding or retrieval.
Odor label alternatives were made available during only Phase 1 or only Phase 2 in Experiment 2. Otherwise, the details of the experimental procedure were identical to Experiment 1. If the memory-enhancing effects of the labels occur at encoding, providing labels at Phase 1 should improve recognition memory. If the effects operate at retrieval, the enhancement should be observed when the labels are available only at Phase 2. If the labels improve memory because they facilitate matching olfactory input to stored representations akin to odor objects, they may need to be available during both Phases 1 and 2.
Materials and methods
Participants
Fifty adults were recruited from University of Cincinnati undergraduate psychology courses and ranged in age from 18 to 28 years (mean = 19.3 years). The sample was 82% female. Participants reported being generally healthy and were excluded if they noted a history of severe asthma or a loss of the sense of smell. Twenty-five individuals served in each of the 2 experimental conditions. The other experimental details were as described in Experiment 1.
Stimuli, apparatus, and procedures
These details of the experiment were as described in Experiment 1 with the following exceptions. One group of participants was provided with 4-alternative odor labels during Phase 1 but self-generated names during Phase 2. The other group self-generated names during Phase 1 but then received 4-alternative labels during Phase 2.
Results
The data were screened and analyzed as described in Experiment 1. A one-between (phase of label availability), onewithin (phase of testing) ANOVA revealed no main effects for phase of label availability or phase of testing on odor naming (P > 0.15), but a significant interaction was observed (F 1,48 = 484, P < 0.001). As expected, the availability of odor label alternatives produced superior naming performance whenever the labels were available irrespective of the phase of the test (see Figure 3) . The performance levels were very similar to those observed in Experiment 1 when labels were (or were not) available. Figure 3 The effects of the availability of odor label alternatives in Phase 1 or 2 on naming performance in Experiment 2.
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Recognition memory performance for the combined data of Experiments 1 and 2 is shown in Figure 4 . One-way, between-subject ANOVAs were performed for percent memory correct, hits and correct rejections using data from the 2 conditions of Experiment 1 and the 2 conditions of Experiment 2 combined. The analyses revealed significant differences in percent recognition memory correct between the conditions, F 3,96 = 30.5, P < 0.001. Post hoc paired comparisons were made using Tukey's honestly significant difference technique (HSD) test with P set at 0.05. The test revealed that memory performance was significantly better in the condition where labels were available during Phases 1 and 2 as compared with all the other conditions. No significant differences in percent memory correct were observed among the other 3 groups (all P values > 0.05). An identical pattern was observed for correct rejections. The hits ANOVA revealed a somewhat different pattern. Similar to memory correct and correct rejections, a significant effect of condition was observed, F 3,96 = 20.71, P < 0.001, and Tukey's HSD corrected post hoc comparisons revealed that participants had significantly more hits when labels were available during both phases of testing. Participants who received verbal labels only during the second phase of testing produced significantly fewer hits than participants in the other 3 groups.
The association between naming performance and memory for old and new odors is shown in Table 2 . The same pattern was observed regardless of whether labels were available during Phase 1 or 2. As found in Experiment 1, when naming was correct twice or consistent, memory was nearly perfect. When naming was incorrect or inconsistent, there was no evidence for recognition memory. The response patterns for the new odors are similar to those observed in Experiment 1.
A summary of the results from Experiments 1 and 2 is shown in Table 3 . The relationship between naming and recognition memory was explored statistically using logistic regression. The data from Experiments 1 and 2 were combined and subjected to generalized linear modeling using the GEE program of SPSS 16. This approach allowed the data from individual memory trials to be predicted in a mixed model where odor stimulus was a repeated measure and labeling condition, naming consistency, and naming accuracy were used as other predictors. The data from the old and new odors were modeled separately. Labeling condition included 2 levels-the 2 used in Experiment 1 and the 2 used in Experiment 2. For old odors, the model incorporating odor stimulus and consistency provided the best fit based on the QICC goodness of fit measure. The Wald chi-square value for odor stimulus was v 2 (8) = 49 (P < 0.001), and for consistency, it was v 2 (1) = 180 (P < 0.001). This analysis Figure 4 Recognition memory performance for the labeling conditions of Experiment 2. The dashed line shows mean memory correct performance from Experiment 1 for the condition where no labels were available while the dash-dotted line shows mean performance with labels available during both phases of testing.
confirms that naming consistency was a very powerful predictor of memory responses for the old odors. The best-fitting logistic regression model for the new odors included odor stimulus, labeling condition, and naming accuracy. The Wald chi-square value was v 2 (8) = 82 (P < 0.001) for odor stimulus, v 2 (3) = 25 (P < 0.001) for labeling condition, and v 2 (1) = 15 (P < 0.001) for naming accuracy. This suggests that consistency was a more powerful predictor of memory for the old odors as compared with the predictive power of accuracy for new odors, a pattern that seems evident in Table 3 . This impression was confirmed by calculating the odds ratio for consistent naming of the old stimuli (22.3) compared with the odds ratio for accurate naming of the new stimuli (2.7).
Discussion
Making the odor labels available only during encoding or retrieval did not enhance recognition memory performance over providing no labels at all. Labels needed to be present during both phases of testing to enhance recognition memory performance. This result provides no support for the idea that the memory-enhancing effects of the labels are mediated primarily by improved encoding or retrieval processes per se. The effect of the labels on episodic odor memory appears to be mediated by a facilitation of olfactory pattern matching.
The trial-by-trial, cross-tabulation results support the conclusions of Experiment 1. Successful and consistent odor naming was associated with high levels of memory performance for both old and new odors, and evidence for a bias to respond new when an odor has not identified was observed. Inconsistently named old odors and incorrectly named new odors were associated with the incorrect response new on 58% of the trials.
Experiment 3
How do the odor labels improve odor naming and recognition memory? One possibility is that the labels provide a context for memory search processes much like occurs with a multiple choice testing format often used for learning assessment (Haladyna et al. 2002; Butler and Roediger 2008 ). Providing a list of possible ''answers'' allows an individual to narrow the search for matches between a current olfactory experience and olfactory patterns stored in memory. This greatly simplifies a task, whether it is identifying odors or recall of facts studied in anticipation of academic test. Stevenson and Wilson (2007) refer to the multidimensional memory representation of the odor as the odor object. They speculate that the meaningfulness of an olfactory experience is closely tied to its categorization as an odor object. Contextual stimuli, such as odor label alternatives, may support matching of current olfactory input to stored olfactory experiences and thereby aid in identification of the odor object.
In other words, the context supports successful access to odor representations in memory.
We speculate that successful matching of the odor experience to an odor object is critical to episodic odor memory. The meaning of an olfactory experience must be determined before it can be effectively remembered. Knowing what odor is being experienced (as evidenced by successful naming) is necessary for both encoding and retrieving episodic odor memory, and so manipulations that enhance or degrade odor naming should have a similar effect on odor recognition memory.
These ideas were tested in Experiment 3 by investigating the effect of manipulating the number of odor label alternatives on odor naming and recognition memory performance. It has been shown that performance on multiple choice tests deteriorates as the number of response alternatives increases (Roediger and Marsh 2005) , presumably because the advantage of directing attention to a small set of response options is lost as the alternatives increase. If the comparison to multiple choice testing is apt, providing more odor response alternatives also should erode the positive effects of providing labels on odor naming and, by extension, produce a decline in recognition memory performance.
Materials and methods
Participants
A total of 100 participants recruited from introductory psychology courses completed the experiment. Age ranged from 18 to 38 years (mean = 20.3 years), and the sample was 77% female. Each participant completed a questionnaire about general health and past or present olfactory problems. Participants reported being generally healthy and were excluded if they noted a history of severe asthma or a loss of the sense of smell. The experimental procedures were approved by the University of Cincinnati Institutional Review Board, and written informed consent was obtained for all study participants.
Stimuli
The 20 odor stimuli used for testing are shown in the Supplementary appendix. The set is identical to that used in Experiments 1 and 2 within the addition of 2 odorants, lemon and cinnamon.
Procedure
The dual odor-naming/recognition memory test used in the labels condition of Experiment 1 was used in Experiment 3 with the following modifications. Twenty-five participants were assigned to each of 4 conditions. The conditions differed only in the number of alternative names provided for each odor presented during the identification task. Four, Odor Recognition Memory and Odor Naming 35 8, 12, or 16 odor name alternatives were provided with each odor stimulus in the test conditions. The odor label alternatives were available during both Phases 1 and 2. The odor name most commonly assigned to a stimulus (its normative or ''correct'' name) was always included as a response alternative. In the 4-alternative condition, this normative name was combined with 3 foils chosen to be qualitatively dissimilar to the target odor as described for Experiments 1 and 2. The 8-alternative condition combined 7 foils with the normative label, the 12-alternative used 11 foils, and the 16 used 15 foils. The foils used for the 8-, 12-, and 16-alternative conditions combined different sets of labels used for the 4-alternative condition to generate sets of 8, 12, and 16 alternatives. Care was taken to avoid including easily confused odor labels (e.g., garlic and onion together) in a set of response alternatives.
Results
One-way (number of odor labels) ANOVAs were performed comparing correct naming and memory responses, as well as memory hits and correct rejections. The effect of number of labels was significant for correct naming (F 3,96 = 29.9, P < 0.001), memory correct (F 3,96 = 12.7, P < 0.001), hits (F 3,96 = 14.7, P < 0.001), and correct rejections (F 3,96 = 4.0, P < 0.01). As shown in Figure 5 , the proportion of correct naming and memory responses decreased as the number of response alternatives increased.
The relationship of odor naming to odor memory across the labeling conditions is shown in Table 4 . The pattern of results is very similar across the labeling conditions. Logistic regression of memory performance was performed using the generalized linear modeling approach and GEE as described in Experiment 2. For old odors, the model incorporating odor stimulus and consistency provided the best fit based on the QICC goodness of fit measure. The Wald chisquare value for odor stimulus was v 2 (9) = 23 (P < 0.01) and for consistency, it was v 2 (1) = 216 (P < 0.001). For the new odor analysis, one odor (lemon) was dropped because 100% of the memory responses were correct for this odor. The errorless performance created problems with the GEE calculations due to lack of variation. Excluding lemon, the best fit was provided by a model that included odor stimulus (Wald v 2 (8) = 21, P < 0.01) and naming accuracy (Wald v 2 (1) = 47, P < 0.001).
Discussion
As predicted, the number of response alternatives affected odor-naming and recognition memory performance in tandem. In addition, the findings of Experiment 3 replicate those of Experiments 1 and 2. Naming consistency and accuracy were powerful predictors of memory responses. Experiment 3 provides additional evidence for the bias to respond new when odors are not correctly identified. The response new was given on 73% of the trials when naming was inconsistent or incorrect. The effect of the response bias on memory assessment is substantially eliminated by collapsing across responses to old and new stimuli in Table 4 .
Experiment 4
We have hypothesized that providing odor labels improves memory by aiding the process of odor object identification. If true, other manipulations that facilitate the identification of odor objects should improve recognition memory. For example, odor expertise would be expected to aid in the identification of odor objects familiar to the expert and should also improve recognition memory. To the extent that beer provides an example of an odor object, this prediction has been shown to be true (Valentin et al. 2007) .
Past studies have shown that corrective feedback improves odor naming (Desor and Beauchamp 1974; Schemper et al. 1981; Cain 1982 : Eskenazi et al. 1983 Cain et al. 1998 ). The Number of odor label alternatives feedback presumably supports improved naming performance by facilitating the match between the currently experienced odor percept and a stored odor representation that includes verbal information. Experiment 4 assessed the effect of corrective odor-naming feedback on recognition memory. It was predicted that when corrective feedback is effective in improving naming performance, it will also improve recognition memory but that when corrective feedback does not improve naming it will not improve memory.
Materials and methods
Participants
Fifty adults, aged 18-36 years (mean = 19.6 years), participated in this study. The sample was 70% female. Participants were recruited from University of Cincinnati introductory psychology courses and received course credit for their involvement in the study. Participants reported being generally healthy and were excluded if they noted a history of severe asthma or a loss of the sense of smell.
Procedure
Participants were tested in 2 groups, a control group (n = 25) and a feedback group (n = 25). The control group completed the dual odor-naming/memory test used in Experiment 3 in the 16-response alternative condition. The feedback group was administered the same test except that corrective feedback was provided for odor naming during the first phase of the test. The 16-alternative odor labels were available during both phases of testing. The feedback consisted of either informing the participant that the response was correct or informing him or her that the response was incorrect and providing the correct label. All other aspects of the tests were identical to those described in Experiment 3.
Results and discussion Table 5 provides the distribution of responses for old odors as a function of naming and memory performance for the control and feedback groups. As found in the previous experiments, memory was excellent (99% correct) for both groups when naming was correct during both the first and second phases of testing. Likewise, for both groups, memory was poor when naming was incorrect for both phases and when it was correct during encoding but incorrect at retrieval. The critical comparison is between the feedback and control group when naming is incorrect in Phase 1 but correct in Phase 2. This comparison allows for an assessment of the impact of effective naming feedback. The pattern for the control group was similar to that found previously with inconsistent naming of old odors, that is, very poor memory performance. By contrast, memory was correct on 98% of the trials for the feedback group when feedback was effective. As predicted, when feedback improved naming, it also improved memory.
The results for the new odors were very similar to those found previously. When naming was correct, memory was correct on 90% and 97% of the trials for the control and feedback groups, respectively. When naming was incorrect, memory was correct on 78% and 70% of the trials for the control and feedback groups, respectively. If the naming responses that switched from incorrect to correct are removed for the feedback group, memory was correct on 51% of the inconsistent or incorrect naming trials when responses from old and new odors are combined. This finding replicates the pattern of results observed in the previous experiments and again provides no support for recognition memory when naming is incorrect or inconsistent.
General discussion
As reported by others (Rabin and Cain 1984; Cain and Potts 1996; Larsson and Backman 1997: Lehrner et al. 1999; Lumeng et al. 2005 ), a clear relationship was observed between odor naming and recognition memory in Experiments 1-4. Odors that were named consistently or correctly were remembered very well, whereas those named inconsistently or incorrectly were remembered very poorly if at all. Across the conditions of Experiments 1-3, memory responses were correct on 2481/2655 trials (93%) if naming was consistent or correct. Memory was correct on 620/1147 trials (54%) when naming was inconsistent or incorrect. This finding provides evidence for a strong link between identification of an odor (as reflected in naming) and episodic memory for that odor. This strong link between semantic knowledge and episodic memory has been proposed previously by investigators Odor Recognition Memory and Odor Naming 37 working with olfactory (Rabin and Cain 1984; Cain and Potts 1996; Larsson 1997; Bhalla et al. 2000; Larsson et al. 2006) , flavor (Lesschaeve and Issanchou 1996; Valentin et al. 2007 ) and nonolfactory stimuli (Bartlett 1977; Backman 1991; Sternberg et al. 2008) . Interestingly, this same relationship was observed in a recent study conducted in our laboratory using notes from different musical instruments as stimuli (Cessna et al. 2010) . Consistently identifying the instrument that produced a musical note was an excellent predictor of recognition memory. These findings support the idea that the close relationship between the ability to consistently name and remember stimuli generalizes beyond olfactory stimuli. It seems likely that several factors contributed to past failures to observe a strong naming-memory relationship. As shown in Experiment 1, consistent naming is important to assess, especially when participants generate their own odor names. Consistency can be assessed only when odors are named at least twice, so past studies providing only one naming opportunity could not generate consistency measures for use in analyses (e.g., Lawless and Cain 1975; Parr et al. 2004) . Outside the laboratory, most people learn to name odors with only modest feedback regarding correct responses. This creates an opportunity for people to use nonnormative and idiosyncratic odor labels even when the odors are highly familiar. We propose that consistent naming with a nonnormative label represents just such a circumstance. In addition, many of the artificial odors used in the current studies provide only facsimiles of the odor stimulus associated with a named odor source. This also provides opportunities for nonnormative but consistent labeling. There certainly is evidence that consistent use of nonnormative labels reflects significant odor knowledge (Cain 1979; Sulmont-Rosse et al. 2005) .
Using data from individual trials also was important to revealing the strength of the naming-memory relationship. This was essential because individuals vary considerably with respect to their experience with specific odors. Calculating average naming and memory performance for each individual across the odor stimuli glosses over the interaction between experience and odor, blurring the relationship between naming and memory, an observation astutely made by Rabin and Cain (1984) . Most past studies have analyzed variability among subjects in their efforts to assess the relationship between odor naming and recognition memory (e.g., Lawless and Cain 1975; Lehrner et al. 1999; Parr et al. 2002 Parr et al. , 2004 Moller et al. 2004; Larsson et al. 2006) .
Finally, detecting the strength of the naming-memory relationship required separate analysis of the old and new odors. This has not been done routinely in past research. The proposed bias to respond new when naming was inconsistent or incorrect becomes apparent only when old and new stimuli are examined separately.
When a subject cannot name an odor, can it be accurately remembered? In the current studies, little evidence for recognition memory was observed when naming was inconsistent or incorrect. However, past studies have reported evidence for significant recognition memory when naming was poor. A careful comparison of past findings and the current study provides some insights into possible explanations for the differences in outcomes. For example, Lehrner (1993) found that inconsistently labeled odors were none-the-less correctly remembered on 60-70% of the trials in an old/new odor recognition task. In this study, the participants chose between pairs of old and new stimuli for the memory test. This procedure creates the possibility of correctly responding that an odor is old by identifying one of the stimuli as new. A participant using this strategy could give the appearance of correctly remembering an odor even if it was incorrectly named. Rabin and Cain (1984) reported that incorrectly or inconsistently named odors were remembered at above-chance levels, a finding replicated by Cain and Potts (1996) . The signal detection statistic d# was used to measure memory in both studies. Because the proposed bias to respond new when an odor is not identified would have reduced the false alarm rate used to calculate d#, the possibility exists that d# was inflated. The extent to which this actually affected the results in these studies is unclear. Moller et al. (2004) used a set of unfamiliar odors to study recognition memory differences between young and older adults employing both intentional and incidental learning procedures. Evidence for recognition memory was observed for the hard-to-name odors across age groups and learning conditions. However, the ability of study participants to provide veridical names for the odors was not assessed, nor was naming consistency. This raises the possibility that some of the odors could be consistently and correctly named, thereby accounting for the above-chance memory performance.
A recent study by Olsson et al. (2009) also reported abovechance recognition memory for incorrectly named odors. Olsson et al. (2009) did not measure naming consistency, and they counted as correct near-miss naming, whereas a stringent naming criterion was used in the current studies. We have noted that using a lenient versus stringent naming criterion does affect the strength of the relationship between odor naming and memory, with more lenient naming being associated with a weaker relationship. Interestingly, Olsson et al. (2009) found that memory for incorrectly named odors disappeared after a 1-week retention interval, whereas memory for named odors, while diminished, remained well above chance. This finding provides support for the idea that episodic memory for incorrectly named odors is very weak.
In a study of olfactory working memory by Yeshurun et al. (2008) , nameable odors were better remembered than hardto-name odors in a delayed match to sample memory task, but the unnameable odors were correctly remembered on about 80% of the trials. These results support the idea that at least for olfactory working memory, nameability facilitates but is not critical to episodic odor memory. Yeshurun et al. (2008) speculated that observers used olfactory pattern recognition and a more centrally mediated representation of the odor for the nameable odors but relied more on lower level pattern recognition for unnameable odors. It is noteworthy that the retention interval in the study of Yeshurun et al. (2008) was 12 s in contrast to at least 10 m in the current studies. Odor knowledge (as reflected in nameability) may be increasingly important to accurate memory as the retention period increases. In addition, it is also noteworthy that Yeshurun et al. (2008) had participants rate the nameability of the odors not actually name them as was done in the current studies.
Notwithstanding differences in naming procedures and analytic approaches, as noted above, the published literature provides multiple examples of recognition memory for hard-to-name odors (see also Cleary et al. 2010) . The experimental protocols used in the current studies may have tilted the results toward a reliance on odor names. Unlike most past studies of odor naming and memory, odor name alternatives were provided in most of the conditions used in the present studies. The provision of odor names may have encouraged participants to rely more on verbal representations of the odors during testing and thereby produced a stronger relationship between naming and memory than observed in some previous studies. However, it is noteworthy that odor memory remained poor for inconsistently named odors even under conditions where no odor names were provided. The choice of stimuli also may have influenced the results. All the odors used in the current experiments were chosen to be easily named, which may have encouraged participants to adopt strategies that rely heavily on verbal processes.
The results of Experiments 1-4 support the idea that effective odor naming and episodic memory both relied on matching current olfactory input to an acquired, multifaceted representation of an odor. This representation links patterns of olfactory input to associations with objects, environmental context, and lexical features. Matching the current input to the stored representation enables the meaningful interpretation of the olfactory experience so that it can be named, described in detail, and remembered in the future. When the odor representation is not identified, the meaning of the olfactory experience is muddled, descriptions are vague and unreliable, and the context in which the odor was encountered is difficult to remember. From this perspective, verbal labels support better recognition memory indirectly by improving perception of odor objects, not by improved memory processing per se. We argue that a similar explanation accounts for improved odor discrimination in the presence of verbal labels (De Wijk and Cain 1994) . As with naming and recognition memory, discrimination improves as a result of improved identification of the odor object.
Is it possible that only the odor name and not olfactory sensation is being remembered during retrieval? This is possible and would be consistent with a multidimensional view of odor memory. The best test of this view is provided by the condition where odor names are self-generated. Suppose a participant labels an odor ''orange'' at encoding and now encounters an orange odorant at retrieval. The participant now needs to match the olfactory pattern produced by the stimulus with a stored representation that allows the orange sensory pattern to be identified and tied to the word orange. Once this is done, all the participants need to remember is that he or she responded orange during the encoding phase in order to respond old for the test. Notice, however, that the correct response required much more than simply remembering the verbal response orange. It was critical that the semantic information be tied to the stored olfactory pattern. Generating the correct response depended on this multidimensional representation. This is not to suggest that all olfactory recognition memory relies on verbal coding. Rather, the point is that remembering verbal labels could have played an important role in episodic memory performance in the current studies.
The idea that odor memory is multidimensional stands in contrast to the proposition that odors are encoded and stored as unitary perceptual events (Engen and Ross 1973) . Interestingly, one of the observations used to support this view, the flat odor recognition memory forgetting curve, was not observed in a recent study by Olsson et al. (2009) . In fact, these investigators observed comparable forgetting rates for nameable odors and words and complete forgetting of incorrectly named odors. Dual-coding theory (Paivio 1991) provides another alternative to the multidimensional view of odor memory. This theory proposes that there are separate memory systems for the olfactory pattern and odor names with a learned association between the 2 memory types. The strong relationship between accurate or consistent naming and episodic memory performance is consistent with dual-coding theory, but the poor memory associated with incorrect or inconsistent naming is not. There should be some evidence for remembering inconsistently named odors because the olfactory memory for some of these odors should be strong enough to support episodic memory even if semantic odor memory and the odor name association is poor. However, no evidence for episodic memory was found with inconsistently named odors. It might be argued, based on the below chance memory performance observed for inconsistently named old odors, that providing the wrong name for an odor interferes with later retrieval of an episodic memory for that odor, in support of dual-coding theory. However, inconsistently named odors that were named incorrectly at either encoding or retrieval showed the same memory pattern. The interference hypothesis would have predicted that correct naming at encoding should have produced less interference (and thus better memory) than incorrect naming at encoding.
The studies described in this report were initially motivated by a desire to develop a rapid, simple test for semantic and episodic odor memory that could be used clinically as an Odor Recognition Memory and Odor Naming 39 early screen for neurodegenerative disorders. At the very least, the findings suggest that a patient's ability to consistently identify odors should be taken into account when assessing performance on odor recognition memory tests. It certainly would be interesting to investigate olfactory recognition memory in patients with neurodegenerative diseases after correcting for naming consistency. A study by Murphy et al. (1997) came close to doing this. These investigators examined odor naming and memory in young and older adults, correcting odor recall performance for odor identification. They concluded that odor recall was dependent on identification. Although odor recognition memory was tested, the relationship between identification and recognition memory was not assessed. A future study of odor-naming consistency and recognition memory in people with mild cognitive impairment could provide insight into the connection between olfaction and early onset of dementia. In addition, the results could illuminate further the nature of semantic and episodic odor memory processes.
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